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Fine S t r u c t u r e  i n  the Energy Spectrum 
of Low Energy Auroral E l e c t r o n s  

*I Tntroduction 

The s tudy  of l o w  energy a u r o r a l  par t ic les  has  been pursued because of 

a d e s i r e  f o r  g r e a t e r  understanding of a number of high l a t i t u d e  geophysical  

phenomena. Measurements of t o t a l  p a r t i c l e  energy down f l u x  have been made 

toge the r  w i t h  measurements of au ro ra l  luminosi ty  a t  s e l e c t e d  wavelengths i n  

o r d e r  t o  d e r i v e  energy inpu t  t o  l i g h t  ou tpu t  r a t i o s .  

Knowledge of t h e  t o t a l  energy f l u x  i n c i d e n t  upon t h e  atmosphere t o g e t h e r  

w i th  t h e  p a r t i c l e  energy spectrum are e s s e n t i a l  i n  understanding t h e  behavior 

of t h e  a u r o r a l  zone ionosphere.  T h i s  knowledge can i n  t u r n  be used i n  

c a l c u l a t i o n s  concerning t h e  ionospheric  a b s o r p t i o n  of cosmic r a d i o  n o i s e ,  

d e t a i l s  o f  i onosphe r i c  chemical processes ( t h e  importance of n e g a t i v e  i o n s ,  

f o r  example), o r  i onosphe r i c  c o n d u c t i v i t i e s  and t h e i r  i n f l u e n c e  upon t h e  

a u r o r a l  e l e c t r o j e t .  

Observations of t he  dynamic behavior of a u r o r a l  p a r t i c l e s ,  changes i n  

t h e i r  energy spectrum, i n t e n s i t y  f l u c t u a t i o n s ,  motions on t h e  p a r t  o f  t h e  

r eg ion  of p r e c i p i t a t i o n  are a l l  of i n t e r e s t  i n s o f a r  a s  t h i s  behavior  r e f l e c t s  

dynamic i n t e r a c t i o n s  of t h e s e  p a r t i c l e s  w i t h  t h e  magnetospheric environment. 

Such s t u d i e s  can f u r t h e r  c o n t r i b u t e  t o  t h e  understanding of t h e  o f t e n  ve ry  

dynamic appearance o f  t h e  visual aurora .  

The d e t a i l e d  obse rva t ions  of a u r o r a l  p a r t i c l e s  have a l s o  been undertaken 

i n  e f f o r t s  t o  deduce t h e  n a t u r e  of t h e  p rocesses  which are r e s p o n s i b l e  f o r  

t he  e n e r g i z a t i o n  and p r e c i p i t a t i o n  of t h e s e  p a r t i c l e s .  Of p a r t i c u l a r  i n t e r e s t  

i n  t h i s  r e s p e c t  i s  the  s tudy  of the energy spectrum of primary a u r o r a l  

p a r t i c l e s  i n  t h e  hope t h a t  some unique s p e c t r a l  c h a r a c t e r i s t i c  o r  behavior  
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( e . g . ,  d i u r n a l  v a r i a t i o n  or  l a t i t u d e  v a r i a t i o n )  would emerge t h a t  could be 

l i n k e d  t o  s p e c i f i c  a c c e l e r a t i o n  or  p r e c i p i t a t i o n  mechanisms. 

Observat ions 
Y 

H i s t o r i c a l l y  j u s t  such a unique s p e c t r a l  c h a r a c t e r i s t i c  was observed 

by one of t h e  very f i r s t  d i r e c t  measurements of a u r o r a l  e l e c t r o n s  (McILwain, 

1 9 6 0 ) .  These obse rva t ions  were made onboard a rocke t  f i r c d  i n t o  a b r i g h t  

(probably breakup) a u r o r a t  d i s p l a y .  The d e t e c t o r  was CsT-phototube mounted 

behind an  electromagnet.  The magnet c u r r e n t  was va r i ed  t o  o b t a i n  t h e  energy 

s p e c t r a  of t h e  primary e l e c t r o n s .  Although t h i s  d e t e c t o r  w a s  no t  s e n s i t i v e  

t o  e l e c t r o n s  of l ess  t h a n  3 keVMcIlwain concluded from t h e  a l t i t u d e  p r o f i l e  

of  t h e  a u r o r a l  l uminos i ty  t h a t  l ess  than  25% of t h e  l i g h t  i n  t h i s  d i s p l a y  

was produced by e l e c t r o n s  of less  t h a n  3 keV energy.  F u r t h e r  i t  w a s  found 

t h a t  no more than 10% of t h e  i n c i d e n t  energy w a s  i n  t h e  form of e l e c t r o n s  

o f  more than  10 keV energy.  F i n a l l y  range-energy o b s e r v a t i o n s  made as  t h e  

r o c k e t  r e -en te red  t h e  atmosphere i n d i c a t e d  t h a t  t h e  energy spectrum of t h e s e  

e l e c t r o n s  had a very s t r o n g  peak ( o r  monoenergetic component) a t  6 keV. 

McIlwain concluded t h a t  t h e s e  e l e c t r o n s  could not have been a c c e l e r a t e d  by 

any s t a t i s t i c a l  p rocess  and suggested t h a t  e l e c t r i c  f i e l d s  played a ro le  i n  

t h e  e l e c t r o n  e n e r g i z a t i o n .  

Both McIlwain and t h e  NKL group (Davis,  e t  a l ,  1960) a l s o  observed 

spectrums t h a t  d id  not have t h i s  s o r t  of s t r u c t u r e  bu t  were smooth and could 

be reasonably  wel l  r e p r e s e n t e d  by a n  e x p o n e n t i a l .  McIlwain sugges ted  t h a t  

t h e s e  smooth spectrums may have r e s u l t e d  from i n s t a b i l i t i e s  genera ted  by 

t h e  monoenergetic p a r t i c l e  popula t ion  and a s s o c i a t e d  w i t h  t h e  breakup of 

q u i e t  a u r o r a s .  Th i s  view a n t i c i p a t e d  by some t i m e  s u g g e s t i o n s  made by Evans (19C17~).  

Although for  s e v e r a l  y e a r s  a f t e r  McIlwain's r o c k e t  f l i g h t  (1958) t h e r e  
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were no a d d i t i o n a l  observa t ions  of s t r u c t u r e  i n  t h e  energy spectrum of low 

energy a u r o r a l  p a r t i c l e s @  e e c e n t l y ,  with t h e  growing u s e  of open windowed 

e l e c t r o n  m u l t i p l i e r s  a s  p a r t i c l e  d e t e c t o r s ,  numerous i n s t a n c e s  of such 

spectrums have been r e p o r t e d .  

Evans (1967b) presented spectrums t aken  on two r o c k e t s  f l i g h t s  through 

breakup au ro ra .  F i g u r e  1 shows t h e  f i rs t  such s p e c t r a  where r a t h e r  t han  a 

peak i t  is seen  t h a t  t h e  d i f f e r e n t i a l  s p e c t r u m  is  n e a r l y  f l a t  up t o  about 

10-12 keV then  drops very a b r u p t l y  above t h i s  t t cu to f f "  e n e r g y .  

spectrum (Figure  2) d i s p l a y s  a pronounced peak a t  an energy near 5.5 keV. 

Both of t h e s e  spectrums were obtained us ing  a s i x  de tec to r  a r r a y ,  each d e t e c t o r  

s e n s i t i v e  t o  d i f f e r e n t  and r a t h e r  broad energy bands. The f a c t  t h a t  i n  both 

c a s e s  t h e  s t r u c t u r e  i n  t h e  spectrum is e s s e n t i a l l y  contained e n t i r e l y  w i t h i n  

a s i n g l e  a n a l y s i s  band i l l u s t r a t e s  t he  p o s s i b l e  danger i n  a t t empt ing  t o  ob ta in  

an energy s p e c t r u m  by measurements taken a t  so few e n e r g i e s .  Indeed,  Matthews 

and C la rk  (1968) suggested t h i s  as a p o s s i b l e  source  of a disagreement between 

observed p a r t i c l e  i n f l u x e s  and measured e l e c t r o n  d e n s i t y  above an  a u r o r a .  

Alber t  (1967a,b) f lew a r e l a t i v e l y  h igh ly  r e s o l v i n g  d e t e c t o r  system 

The second 

through a breakup phase au ro ra  and obtained t h e  e l e c t r o n  spectrums shown i n  

F i g u r e  3 .  A r a t h e r  broad but  very prominent peak i n  t h e  d i f f e r e n t i a l  i n t e n s i t y  

i s  s e e n  near  10 keV. 

t h e  peak i s  so unique t h a t  n e a r l y  t h e  same s i g n i f i c a n c e  should be a t t ached  

t o  i t ;  i . e . ,  t h a t  10 keV represented  a c h a r a c t e r i s t i c  energy or  p o t e n t i a l  i n  

some sense .  

Although t h e s e  spectrums a r e  hot s t r i c t l y  monoenergetic 

Evans (1968), using an  e l e c t r o s t a t i c  energy ana lyzer  and t a k i n g  many 

d a t a  p o i n t s  as t h e  ana lyzer  vo l tage  was swept s lowly ,  ob ta ined  the a u r o r a l  
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e l e c t r o n  spectrum shown i n  Figure 4. The peak i s  a t  about 3 . 7  keV but  as 

important i s  t h e  v e r y  rapid dec rease  i n  i n t e n s i t y  above t h i s  energy. The 

e l e c t r o n  i n t e n s i t y  f a l l s  by about an o r d e r  of magnitude between 3.7 keV 

and 4 . 7  keV, an e - fo ld ing  energy of less than 0.5 keV which i s  about t h e  

r e s o l v i n g  power  of t he  d e t e c t o r  system. This  c h a r a c t e r i s t i c  energy remained 

very constant  (+ - 1 keV) over a period of about 200 s e c  i n  c o n t r a s t  t o  t h e  

g r e a t  ' v a r i a b i l i t y  normally observed i n  a u r o r a l  p a r t i c l e  s p e c t r a .  This  d a t a  

was a l s o  noteworthy i n  t h a t  i t  was obtained above a q u i e t  pre-breakup au ro ra  

with any geomagnetic d i s t u r b a n c e  a t  t h e  t i m e  being l e s s  than 2Oy. 

A more r e c e n t  b u t  very s imi l a r  spectrum i s  shown i n  Figure 5. Here t h e  

c h a r a c t e r i s t i c  peak i s  a t  2 . 7  keV while  t h e  e l e c t r o n  i n t e n s i t y  f a l l - o f f  a t  

higher  ene rg ie s  i s  as  r ap id  a s  t h e  example shown i n  Figure 4 .  The geophysical  

s i t u a t i o n  d i f f e r e d  between these  two c a s e s  i n  t h a t  t h e  l a t t e r  example w a s  

obtained during a breakup phase au ro ra  which was accompanied by a n e g a t i v e  

magnetic bay. As perhaps b e f i t s  t h i s  a u r o r a ,  t h e  c h a r a c t e r i s t i c  energy w a s  

n o t  n e a r l y  as s t a b l e  as  i n  t h e  p r i o r  ca se  bu t  i n s t e a d  v a r i e d  from about 2 keV 

t o  over 5 kcv over a per iod o f =  100 s e c .  

A f i n a l  example of s t r u c t u r e  i n  a u r o r a l  e l e c t r o n  spectrum i s  provided 

by Westerlund (1968) (Figure 6) .  Here t h e  measurements extend t o  much lower 

e n e r g i e s  than i n  t h e  p r i o r  examples. I t  i s  s e e n  t h a t  t he  peak a t  n e a r  10 keV 

i s  superimposed upon a smooth energy spectrum which continued t o  rise down 

t o  che threshold energy of  l e s s  than 100 e V .  I t  i s  a l s o  of s i g n i f i c a n c e  t h a t  

t h i s  smooth background was observed a t  a l l  t i m e s  w h i l e  t h e  10 kev e l e c t r o n  

beam appeared only when t h e  rocke t  passed o v e r  d i s c r e t e  a u r o r a l  forms. A 

sugges t ion  t h a t  a s imilar  low energy e l e c t r o n  component accompanied t h e  nea r  

L 

c 

b 
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monoenergctic e l e c t r o n  component can be  observed i n  t h e  spectrum d i sp layed  

% . i n  F igure  4. 

A l s o  s i m i l a r  to  t h e  f i r s t  obse rva t ion  of Evans was t h e  g r e a t  s t a b i l i t y  

of t h e  c h a r a c t e r i s t i c  energy of t he  a u r o r a l  e l e c t r o n  beam observed by 

Westerlund over  a per iod of more than 200 seconds.  

I t  should be noted t h a t  i n  the  examples g iven  h e r e  no spectrum could 

I be c a l l e d  t r u l y  monoenergetic i n  the sense  t h a t  a l l  i n c i d e n t  e l e c t r o n s  were 

of t h e  same energy. 

is  on t h e  o r d e r  of 25% - 50% of  the  peak energy. 

t h a t  t h e  spectrum f a l l s  ve ry  r ap id ly  a t  e n e r g i e s  h i g h e r  than  t h e  peak energy 

Usual ly  t h e  peak width (width a t  h a l f  maximum i n t e n s i t y )  

I t  seems to  be c h a r a c t e r i s t i c  

w h i l e  a t  lower e n e r g i e s  smaller, but s i g n i f i c a n t ,  f l u x e s  are p resen t .  The 

L. o v e r a l l  impression is t h a t  of  an o r i g i n a l l y  n e a r l y  monoenergetic beam of 

e l e c t r o n s  t h a t  have passed through a sma l l  amount of m a t e r i a l  which degraded 

Some of them in energy.  

Discuss ion  --- 
The major q u e s t i o n  surrounding t h e s e  spectrums is, o f  cour se ,  t h e  o r i g i n  

o r  p h y s i c a l  s i g n i f i c a n c e  of  t h e  c h a r a c t e r i s t i c  ene rg ie s .  Explanat ions may 

be put  i n t o  two g e n e r a l  c l a s s e s .  F i r s t ,  t h a t  t h e  appearance of  e l e c t r o n s  

of such a marked energy spectrum is due t o  some energy s e l e c t i o n  process ,  

and,  secondly,  t h a t  t h e  energy spectrum i s  a d i r e c t  consequence of t h e  process  

t h a t  energ ized  t h e  e l e c t r o n s .  

An exampjle of t h e  f i r s t  class could be a process  which s e l e c t e d  e l e c t r o n s  

. .  i n  on ly  a narrow energy range and p r e c i p i t a t e d  them, For i n s t a n c e  such a 

model might env i s ion  a populat ion of e l e c t r o n s  t rapped  on an auroral zone 

l i n e  o f  f o r c e  and P o s S O ~ ~ i l I g  a smooth energy spectrum. 
, 

A very  energy 
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s e l e c t i v e  dumping process  could then be invoked t o  p r e c i p i t a t e  only t h e  

observed e l e c t r o n s  i n t o  the atmosphere. 

Such s e l e c t i v e  dumping; mechanisms a r e  d i f f i c u l t  t o  env i s ion .  A process  * 

which d c p e n d e d  upon a wave r e sona t ing  wi th  an calec t ron 's  gyrofrequency would 

r e q u i r e  t h a t  tlie wave sense the  .2X d i f f e r e n c e  i n  gyrofrequencies  of a 

3 . 7  kev and 4.7 keV e l e c t r o n  - a ve ry  pure wave indeed. Other dumping 

mechanisms encounter s i m i l a r  problems. 

A l t e r n a t i v e l y  one might invoke a model i n  which t h e r e  e x i s t e d  a 

r e s e r v o i r  of a l r e a d y  energized a u r o r a l  e l e c t r o n s  and some means by which 

t h e s e  e l e c t r o n s  were energy .analyzed s o  t h a t  t he  energy spectrum of e l e c t r o n s  

on f i e l d  l i n e s  o u t s i d e  t h i s  r e s e r v o i r  would be peak(!d. An energy independent 

dumping mechanism c.ould then p r e c i p i t a t e  t h e s e  p r e - s e l e c t e d  e l e c t r o n s  i n t o  

the  atmosphere. That t h e  geomagnetic f i e l d  i t s e l f  provides  such energy 

a n a l y s i s  i s  a p o s s i b i l i t y .  However, judging from t h e  c h a r a c t e r i s t i c s  of 

l a b o r a t o r y  magnetic e l e c t r o n  spec t romete r s ,  one would expect  t h a t  such 

a n a l y s i s ,  being dependent upon t h e  e l e c t r o n  v e l o c i t y ,  would r e s u l t  i n  a 

s e l e c t e d  spectrum having a high energy t a i l  and s h a r p  l o w  energy c u t - o f f  

r a t h e r  than what w a s  observed. 

The add i t ion  of an e l e c t r i c  f i e l d  t r a n s v e r s e  t o  t h e  geomagnetic f i e l d  

would produce a model analogous t o  t h e  l a b o r a t o r y  c ros sed  f i e l d  a n a l y z e r  

and thus considerably improve t h e  energy r e s o l u t i o n  of t h i s  g i a n t  ana lyze r .  

I t  i s  of i n t e r e s t  t o  p o i n t  ou t  t h a t  i n  such an a n a l y z e r  t h e  charged p a r t i c l e s  

undergo changes i n  k i n e t i c  energy as they c r o s s  e l e c t r i c a l  e q u i p o t e n t i a l s .  

I n  t h e  c a s e  of the magnetosphere t h e  a v a i l a b l e  t r a n s v e r s e  p o t e n t i a l  

d i f f e r e n c e s  a r e  of t he  same o r d e r  and g r e a t e r  t han  t h e  c h a r a c t e r i s t i c  e n e r g i e s  
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observed i n  t h e  a u r o r a l  p a r t i c l e s .  Thus, a s  i s  d i scussed  below i n  g r e a t e r  

d e t a i l ,  t h i s  crossed f i e l d  model could as w e l l  be  r e s p o n s i b l e  f o r  t h e  

e n e r g i z a t i o n  of t h e s e  charged p a r t i c l e s  as  t h e  energy a n a l y s i s  of p re -  

a c c e l e r a t e d  p a r t i c l e s .  

A l t e r n a t i v e l y  t o  models which would u t i l i z e  energy s e l e c t i o n  p rocesses  

t o  produce, a t  a point  j u s t  above t h e  atmosphere,  a f l u x  of e l e c t r o n s  having 

such unique spectrunis a r e  m o d e l s  which produce such spectrums os  a d i r e c t  

r e s u l t  of t h e  process t h a t  energized t h e  e l e c t r o n s .  One exoniple of t h i s  

c l a s s  could be t h e  a c c e l e r a t i o n  of plasma by e l e c t r i c  f i e l d s  para l le l  t o  

magnetic f i e l d  l i n e s .  Plasma introduced a t  t h e  low p o t e n t i a l  end of such 

a r e g i o n  would r e s u l t  i n  a h i g h l y  col l imated and monoenergetic beam of 

e l e c t r o n s  a t  t h e  e x i t  end of t h e  a c c e l e r a t i n g  r e g i o n .  That e l e c t r o n s  of 

lower energy than  t h e  maximum are observed may be t a k e n  t o  i n d i c a t e  t h a t  

e i t h e r  t h e  plasma i s  introduced i n t o  t h e  "acce le ra to r "  over  a f a i r l y  wide 

r ange  of p o t e n t i a l s  or  t h a t  t h e r e  i s  a n  energy degrada t ion  process  

( i o n i z a t i o n  o r  t h e  gene ra t ion  of waves) t h a t  a f f e c t s  a p o r t i o n  of t h e  

ene rg ized  e l e c t r o n  beam. 

Westerlund; i n  f a c t ,  has  exposed i n  h i s  s tudy  of t h e  smooth, low energy,  

background e l e c t r o n  f l u x ,  a sugges t ion  t h a t  t h e s e  may have been produced by 

such a p a r a l l e l  e l e c t r i c  f i e l d .  

f i e l d  l i n e  was observed i n  t h e  p i t c h  a n g l e  d i s t r i b u t i o n  of t h e s e  low energy 

e l e c t r o n s  as w a s  a gradual  and very small s h i f t  i n  t h e  spectrum upward i n  

ene rgy  a s  t h e  rocke t  instrument moved t o  h ighe r  L s h e l l s .  

o b s e r v a t i o n s ,  p a r t i c u l a r l y  t h e  former, could be n a t u r a l l y  explained by 

invok ing  weak p a r a l l e l  e l e c t r i c  f i e l d s  ( t o t a l  p o t e n t i a l  drop M 100 v o l t s ) .  

A s t r o n g  a n i s o t r o p y  d i r e c t e d  down a l o n g  t h e  

Both t h e s e  



C 

- 8 -  

On t h e  o the r  hand t h e  more e n e r g e t i c  e l e c t r o n  f l u x e s  observed by both 

Evans and Westerlund d i d  not d i s p l a y  t h i s  a n i s o t r o p y  a long  t h e  magnetic 

f i e l d  l i n e  as  expected had t h e s e  e l e c t r o n s  been produced by such a n  

a c c e l e r a t i o n .  An exp lana t ion  could be t h a t  t h e  l o n g i t u d i n d t  e l e c t r i c  f i e l d  

l a y  very f a r  from t h e  poin t  of obse rva t ion  so t h a t  m i r r o r i n g  of t h e  p a r t i c l e s  

a s  t hey  pene t r a t ed  i n t o  s t r o n g e r  geomagnetic f i e l d s  des t royed  t h e  o r i g i n a l  

h i g h  degree of an i9o t ropy .  

Hence i t  appears  t h a t  t h e s e  rocke t  experiments cannot be regarded as  

being i n c o n s i s t e n t  w i t h  t h e  product ion of keV energy e l e c t r o n s  by t h e  

a c c e l e r a t i o n  of plasma by p a r a l l e l  e l e c t r i c  f i e l d s  a t  l a r g e  g e o c e n t r i c  

d i s t a n c e s .  A s  i t  is a very c o n t r o v e r s i a l  q u e s t i o n  t h e o r e t i c a l l y  whether 

such f i e l d s  can be e s t a b l i s h e d  and s u s t a i n e d  over long p e r i o d s  of t i m e  

(> 200 s e c )  i f  r e q u i r e d  t o  produce some 10-5 t o  

tube power d i s s i p a t i o n  i n  t h e  form of primary a u r o r a l  p a r t i c l e s ,  i t  is  wise 

t o  consider  s t i l l  more a l t e r n a t i v e s  t o  e x p l a i n  t h e s e  o b s e r v a t i o n s .  

wat ts /sec/crn*/f lux 

I n  p a r t i c u l a r  t h e  r o l e  of t r a n s v e r s e  e l e c t r i c  f i e l d s  should be examined. 

Such f i e l d s  have long been supposed t o  account f o r  t h e  a u r o r a l  e l e c t r o j e t  

and r e c e n t l y  d i r e c t  o b s e r v a t i o n s ' o f  them have been made by Fb'ppl, e t  a l .  

(1968) and Wescott, e t  a l .  (1968) us ing  ion ized  cloud t e c h n i q u e s  and a l s o  by 

Mozer and Bruston (1967) and Aggson (1967) u s i n g  a probe approach. The 

maximum p o t e n t i a l  d i f f e r e n c e s  i n  t h e  magnetosphere a r e  thought  t o  be some 

30 kV t o  60 kV, f a r  i n  excess of t h e  3 t o  1 5  keV c h a r a c t e r i s t i c  e l e c t r o n  

ene rg ie s  t h a t  have been observed. 
4 

A t  l e a s t  two models have been se t  f o r t h  which u t i l i z e  t h e  E, i n  charged 

p a r t i c l e  a c c e l e r a t i o n .  That of Spe i se r  (1965, 1967) and Taylor  and Hones (1965) 
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b a s i c a l l y  d i f f e r  only i n  t h a t  Taylor  and Hones r e q u i r e  t h a t  a u r o r a l  zone 

geomagnetic l i n e s  of f o r c e  be c losed  i n  t h e  sense  t h a t  t h e  a u r o r a l  p a r t i c l e  

can b e  guided t h e  e n t i r e  l e n g t h  from one hemisphere t o  t h e  o t h e r  whi le  

S p e i s e r ' s  model t akes  t h e s e  same f i e l d  l i n e s  t o  be open. Spe i se r  cons ide r s  

the geomagnetic t a i l  wi th  a n e u t r a l  p l a s m a  s h e e t  having a ve ry  low ( 1  t o  .01y) 

magnetic f i e l d  s t r e n g t h .  This  p i c t u r e  is  supported i n  a g ross  f a sh ion  by 

s a t e l l i t e  f i e l d  and plasma observa t ions .  

s h e e t  from dawn t o  dusk 

d r i v e  t h e  a u r o r a l  e l e c t r o j e t ) .  Spe iser  shows t h a t  plasma i n j e c t e d  i n t o  t h e  

n e u t r a l  s h e e t  a t  l a r g e  g e o c e n t r i c  d i s t a n c e s  w i l l  b e  a c c e l e r a t e d  by t h e  e l e c t r i c  

f i e l d  wh i l e  being turned toward t h e  e a r t h  by t h e  magnet ic  f i e l d .  

t h e s e  p a r t i c l e s  from t h e  n e u t r a l  shee t  i s  p o s s i b l e  only  when a p a r t i c l e  d r i f t s  

i n t o  t h e  s t r o n g e r  t a i l  f i e l d  (15 t o  30y) a t  a ve ry  low p i t c h  angle  (o therwise  

t h e  t a i l  f i e l d  t u r n s  t h e  p a r t i c l e  back i n t o  t h e  n e u t r a l  s h e e t ) .  Upon ex i t  

t h e  p a r t i c l e  i s  guided down t h i s  f i e l d  l i n e  presumably t o  t h e  a u r o r a l  zone 

An 2 i s  imposed a c r o s s  t h e  n e u t r a l  
4 

( t h e  same magnetospheric E which i s  presummed t o  

Ex i t  of 

4 

atmosphere.  By s u i t a b l e  choices  of: and B i n  t h e  t a i l  S p e i s e r  is a b l e  t o  

produce nea r  monoenergetic and i s o t r o p i c  e l e c t r o n  f l u x e s  a t  t h e  t o p  of t h e  

atmosphere.  

Taylor-Hones assume t h a t  t h e  au ro ra l  zone l i n e  of f o r c e  can suppor t  

t r a p p i n g  of p a r t i c l e s  of a u r o r a l  ene rg ie s .  They t a k e  advantage of t h e  f a c t  

t h a t  t h e  azimuthal  d r i f t  of t h e s e  trapped p a r t i c l e s  due t o  g r a d i e n t s  and 

l i n e  cu rva tu re  i n  t h e  geomagnetic f i e l d  need no t  be p a r a l l e l  t o  t h e  E X 
4 

d r i f t  induced by t h e  t r a n s v e r s e  e l e c t r i c  f i e l d .  Thus t h e  magnet ica l ly  

c o n t r o l l e d  d r i f t  can d r i v e  t h e s e  trapped p a r t i c l e s  a c r o s s  e q u i p o t e n t i a l 8  and 

e n e r g i z e  ( o r  de-energ ize)  them. The c h a r a c t e r i s t i c  energy of charged p a r t i c l e e  

observed on a g iven  l i n e  of f o r c e  is t o  be  a s s o c i a t e d  w i t h  t h e  p o t e n t i a l  of  



t h a t  

- 1 0  - 
ine  a s  referenced t o  t h e  po in t  where t..e o r i g i n a  low energy plasma 

was iiitroduced i n t o  t h i s  e lectr ic-magnet  i c  f i e l d  geometry. 

One s e r i o u s  problem seems t o  e x i s t  w i t h  t h e  Taylor-Hones t y p e  of 

a c c e l e r a t i o n .  Th i s  i s  t h e  n e c e s s i t y  t h a t  t h e  p a r t i c l e s  involved be q u a s i -  

t rapped ( i . e . ,  t h e  p a r t i c l e s  can  complete a bounce between hemispheres bu t  

not n e c e s s a r i l y  a n  azimuthal  d r i f t )  be fo re  s i g n i f i c a n t  e n e r g i z a t i o n  can 

occur .  Th i s  appears t o  be i n c o n s i s t e n t  w i th  t h e  obse rva t ions  of i s o t r o p y  

i n  t h e  e l e c t r o n  i n f l u x  j u s t  above t h e  au ro ra  where a p a r t i c l e  l o s s  cone of 

n e a r l y  90" i s  expected.  

s t r o n g  de- t rapping or  i s o t r o p i z i n g  mechanism; so s t r o n g  t h a t  i s o t r o p y  could 

be maintained a t  low a l t i t u d e  above t h e  v i s u a l  a u r o r a l  form on a t i m e  s c a l e  

of seconds ( the  bounce per iod of an  a u r o r a l  e l e c t r o n ) .  

Th i s  could be accounted f o r  by supposing an extremely 

Albert  noticed i n  h i s  d a t a  t h a t  t h e  c h a r a c t e r i s t i c  energy of h i s  e l e c t r o n  

beam s y s t e m a t i c a l l y  inc reased  a s  t h e  r o c k e t  moved equatorward. H e  a t t r i b u t e d  

t h i s  t o  t h e  e f fec t  of poleward d i r e c t e d ,  t r a n s v e r s e  e l e c t r i c  f i e l d ,  t h e  

e l e c t r o n  energy being i d e n t i f i e d  w i t h  t h e  p o t e n t i a l  of t h e  a s s o c i a t e d  magnetic 

f i e l d  l i n e .  

by being dr iven through t h e s e  p o t e n t i a l  d i f f e r e n c e s ,  A lbe r t  f e l t  t h a t  t h e  

requirement for p a r t i c l e  i s o t r o p i z i n g  mechanisms i m p l i c i t  i n  t h e  Taylor-Hones 

g rad ien t  d r i f t  a c c e l e r a t i o n  was f a r  t o o  s t r o n g  arid t h a t  t h e  e l e c t r o n s  were 

energized by t h e  S p e i s e r  model and depos i t ed  on open f i e l d  l i n e s .  

i n t e r e s t  t o  point out t h a t  t h e r e  seems t o  be a c o n t r a d i c t i o n  i n  A l b e r t ' s  

d a t a .  That i s  t h a t  whi le  t h e  i n c r e a s e  i n  e l e c t r o n  energy a s  t h e  rocke t -borne  

instrument moved southward implied a northward d i r e c t e d  e l e c t r i c  f i e l d ,  t h e  

nega t ive  magnetic bay (westward flowing e l e c t r o j e t )  t h a t  w a s  i n  p r o g r e s s  

T h u s  concluding t h a t  t h e  e l e c t r o n s  t h a t  h e  observed were ene rg ized  

It i s  of 
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during h i s  f l i g h t  implied ( i f ,  as usua l ly  i s  assumed t h e  c u r r e n t  i s  p r i m a r i l y  

Ha l l  c u r r e n t )  a southward d i r e c t e d  e l e c t r i c  f i e l d .  Th i s  may be exp la ined  

away i f  the  a u r o r a l  e l e c t r o n s  involved a r e  ene rg ized  (or  de-energized)  s lowly.  

This  f e a t u r e  i s  consistent w i th  a g rad ien t  d r i f t  mode o f  e n e r g i z a t i o n  where 

many bounce per iods a r e  r equ i r ed  f o r  s i g n i f i c a n t  energy change bu t  n o t  w i th  

the Spe i se r  a c c e l e r a t i o n s  which ene rg izes  t h e  p a r t i c l e  w i t h i n  seconds.  And 

so t h e  conclusions of A lbe r t  r ega rd ing  the  p o s s i b l e  geometry of t h e  a u r o r a l  

zone magnetic l i n e  of f o r c e  should perhaps not be regarded a s  d e f i n i t i v e .  

Westerlund a l s o  concluded t h a t  the a u r o r a l  zone l i n e s  of f o r c e  were open 

on the  b a s i s  of h i s  d a t a .  F i r s t  because t h e  near  monoenergetic component of 

the e l e c t r o n  f l u x  he observed was near i s o t r o p i c  and c losed  f i e l d  l i n e s  would 

then imply p a r t i c l e  dumping mechanisms and secondly he observed v i r t u a l l y  no 

s h i f t  i n  t he  c h a r a c t e r i s t i c  energy of t h e s e  e l e c t r o n s  (although the  rocke t  

instrument  sampled "L" s h e l l s  from L =: 9 t o  12) whish would imply t r a n s v e r s e  

e l e c t r i c  f i e l d s .  Westerlund suggested t h a t  perhaps some wave-pa r t i c l e  acce l -  

e r a t i o n  ak in  t o  a t r a v e l i n g  wave a c c e l e r a t o r ,  could produce a peaked e l e c t r o n  

energy spectrum by f o r t u n i t o u s  choices  i n  va lues  and g r a d i e n t s  of e l e c t r o n  

d e n s i t i e s ,  magnetic f i e l d s ,  and the l i k e .  The a u t h o r  f e e l s  t h a t  i n  t h e  case 

of a phenomenon t h a t  has  been r a t h e r  o f t e n  observed and observed t o  be r a t h e r  

s t a b l e  t h a t  exp lana t ions  appea l ing  pu re ly  t o  c i rcumstances should be r e j e c t e d .  

Q u i t e  a p a r t  from t h i s  t h e r e  i s  some independent evidence t h a t  t he  a u r o r a l  

zone l i n e  of f o r c e  i s  c losed .  F i r s t  i s  the  obse rva t ion  of d e t a i l e d  conjugacy 

i n  v i s u a l  a u r o r a l  forms made by Belon and Mather (1967) and secondly t h e  c l o s e  

c o r r e l a t i o n  between ATS (6.6 Re) obse rva t ions  and those  made a t  t h e  f o o t  of 

t h e  a u r o r a l  zone f i e l d  l i n e  (Lenzniak, e t  a l .  1967).  I n  view of t h e s e  d a t a  
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processes  which can e f f i c i e n t l y  d e t r a p  energized e l e c t r o n s  t o  produce t h e  

v i s u a l  aurora  and so make t h e  Taylor-Hones 2 X 2 p l u s  magnetic d r i f t  

e n e r g i z a t i o n  process  f e a s i b l e  should be i n v e s t i g a t e d .  

Summary 

Auroral  e l e c t r o n  energy spectrums having s t r u c t u r e ,  e s p e c i a l l y  peaks, 

must now be viewed as a common occurrence,  i f  no t  t h e  t y p i c a l .  This s t r o n g l y  

i n d i c a t e s  e l e c t r o s t a t i c  f i e l d s  have played a r o l e  i n  t h e  a c c e l e r a t i o n  

process  although a l t e r n a t i v e s  cannot be e l imina ted  a s  yet  except upon t h e  

grounds of p l a u s i b i l i t y .  

I n  r e so lv ing  t h e  problems o u t l i n e d  i n  t h i s  p a p e r  answers t o  t h e  

following s u b s i d i a r y  problems should f i r s t  b e  ob ta ined .  

1 )  Is t he  a u r o r a l  zone l i n e  of f o r c e  open o r  c losed  i n  t h e  sense  

t h a t  a 10 keV e l e c t r o n  could be t rapped upon i t?  

Arc t h e r e  r e a l i s t i c  processes  which could produce and s u s t a i n  

n e a r l y  cons t an t  p o t e n t i a l  drops of 10 kV along magnetic l i n e s  

of force? 

2 )  

3) Are t h e r e  r e a l i s t i c  and e f f i c i e n t  p rocesses  f o r  dumping p r e -  

energized and t rapped p a r t i c l e s  o f f  l i n e s  of f o r c e ,  p r e f e r a b l y  

i n  l o n g i t u d i n a l l y  extended s h e e t s ,  t o  produce t h e  v i s u a l  a u r o r a ?  

I t  is  f e l t  t h a t  t h e  answers t o  t h e s e  q u e s t i o n s ,  most important  t h e  

f i r s t ,  m u s t  be obtained be fo re  t h e  f u l l  s i g n i f i c a n c e  of t h e  p a r t i c l e  s p e c t r a l  

obse rva t ions  can be a s c e r t a i n e d .  



Captions 

Figure 1. An example of an  e l e c t r o n  energy spectrum above an a c t i v e  

au ro ra  (Evans, 1967). Note the  ab rup t  c u t o f f  i n  t h c  s p e c t r a  

L above 12 kev .  

Figure 2.  Another example of an e l e c t r o n  energy spectrum above an a c t i v e  

a u r o r a  (Evans, 1967). Here t h e  f e a t u r e  i s  a peak near  6 kev. 

Figure 3 .  A ser ies  o f  peaked energy spectrums obta ined  by Albe r t  (1967b).  H e  
I 

i n t e r p r e t s  t he  inc rease  i n  t he  c h a r a c t e r i s t i c  energy wi th  t i m e  

as  evidence € o r  a t r a n s v e r s e ,  northward d i r e c t e d  e l e c t r i c  fiel d .  

F igu re  4 .  An e l e c t r o n  energy spectrum ob ta ined  above a q u i e t  phase a u r o r a ,  

(Evans, 1968).  The s lope  of the spectrum above 3.7 kev i n d i -  

c a t e s  an  e - f o l d i n g  energy of about 400 e V .  

F igu re  5 .  An energy spectrum s i m i l a r  t o  t h a t  i n  F i g .  4 except  ob ta ined  

above an  a c t i v e ,  breakup a u r o r a .  The c h a r a c t e r i s t i c  energy i s  

- 2.7 kev 

F i g u r e  6 .  A series of  spectrums obtained by Westerlund (1968). The peak 

a t  LO kev was p r e s e n t  only when the r o c k e t  was above an  a u r o r a l  

form whi le  t h e  smooth background was always observed. 
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